Artichoke ( Heianthus tuberosus L.) tuber tissue cultured in the presence of the auxin 2,4-dichlorophenoxyacetic acid accumulates ribosomal RNA at a rate of 0.135 micrograms per hour per explant whereas there is little accumulation in nontreated tissue. The addition of auxin enhanced the transcription of the 2.5 x 106 precursor 3.5-fold and increased the rate of processing 1.8-fold. The major effect of auxin, however, was a vast increase in the rate of processing of the 1.39 x 106 precursor to the 1.3 x 106 mature ribosomal RNA. The incorporation of label into the 0.7 x 106 mature ribosomal RNA of treated tissue was in 10-fold excess over the control after a 30-minute pulse and remained so throughout the remainder of the labeling period. This level, however, was not reached for the complementary 1.3 mature RNA until 3 hours of continuous labeling, decreasing from an initial value of 40-fold excess. A complication in the processing of ribosomal RNA is the apparent increase in the stability of the 0.7 x 106 mature RNA with auxin treatment.
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One of the most striking biochemical responses to auxin in many plant tissues is the enhancement of RNA synthesis, with the accumulation of RNA (17) . The majority of research on RNA stimulation by auxin has concentrated on polymerase activities, that is, regulation at a transcriptional level (9, 12, 21) . Cell division and continual RNA synthesis in artichoke tuber tissue show an absolute requirement for auxin (25). Gore and Ingle (9) concluded that chromatin-bound RNA polymerase activity in this tissue was correlated with growth and the accumulation of RNA, and they demonstrated a 2.4-fold enhancement of this activity in the presence of the auxin, 2,4-D. In contrast, the relative increase of incorporation of labeled precursor into mature rRNA was 10-fold after a 3-hr pulse. In control tissue the accumulation of rRNA, in absolute amounts, had stopped at a time when accumulation was still exponential in the auxin-treated tissue.
In artichoke tuber tissue, the number of rRNA genes is unaffected by conditions of culture (14) . Therefore, it was suggested (15) that the difference in rRNA accumulation in control and auxin-treated tissue was the result of regulation of gene activity at two levels, that of was no net protein or RNA synthesis, also show a delay in processing of the rRNA precursors (22) .
The experiments described here were undertaken to determine the level of posttranscriptional regulation of rRNA accumulation.
MATERIALS AND METHODS
Culture and Incubation of Artichoke Explants. Cylindrical explants (2-mm diameter x 2.4 mm) were isolated aseptically from surface-sterilized tubers of Jerusalem artichoke (Helianthus tuberosus L., var. Bunyards Round) and cultured in a mineral salts solution, with or without 2,4-D (25). The explants (150-160) were cultured in 15 ml of sterile medium in continuously revolving (2.5 rpm) 600-ml bottles, and the tissue was used after 40 to 60 hr, at which time cell division was asynchronous and rRNA/explant was still increasing for the auxin-treated explants. To ensure a rapid uptake of the 32Pi, no phosphate was added to the culture medium. Cultures were continuously labeled for the times indicated by the injection of sterile 32Pi (The Radiochemical Centre, Amersham, Bucks., U.K.) into the culture bottles to a final concentration of 50 ,iCi/ml in 0.1 yIM phosphate (pH 7). The same technique was followed for pulse-labeled cultures except that the isotope was added in the absence of carrier, and the chase was effected by the aseptic removal of the explants to sterile medium containing 1 mm phosphate.
Preparation of Nucleic Acid. To facilitate the accurate timing of radioactive labeling and the processing of many samples, the 32Pi-labeled tissue was frozen in solid CO2. Total nucleic acid was prepared as previously described (16) . In some experiments a salt precipitation of the nucleic acid sample with a final concentration of 3 M NaCl was undertaken specifically to reduce the inulin level. This precipitation also removed the bulk of the DNA and low mol wt RNA.
Polyacrylamide Gel Electrophoresis. Nucleic acid was fractionated on 2.3% (w/v) or 7.5% (w/v) polyacrylamide gels (20) at 50 v (6 mamp/tube). Gels were scanned at 265 nm and radioactivity in 1-mm slices was determined (16) .
RNA was also fractionated under denaturing conditions on polyacrylamide-formamide gels by a method modified from Staynov et al. (23) . The formamide was purified by two extractions with ether and residual ether was removed by rapid stirring overnight. The formamide was then filtered and 3.2% gels were formed as follows: 0.68 g of recrystallized acrylamide, 0.12 g of recrystallized bisacrylamide, 0.092 g of diethylbarbituric acid, 60 ,il of N,N,N',N' tetramethylethylene diamine in 25 ml of purified formamide adjusted to pH 9 with 1 N HCI. The polymerization reaction was initiated by 0.2 ml of fresh 18% ammonium persulfate and the mixture pipetted into Perspex tubes (0.6-cm diameter x 9 cm long) sealed at the bottom with rubber stoppers. Buffered formanude was prepared by making the purified formamide 20 mm diethylbarbituric acid, the pH adjusted to 9 with I N NaOH. Seventy per cent buffered formamide was made by dilution with water and used to overlay the gels. After polymerization (approximately 30 mm) this was replaced with 100%1o buffered formamide. The stopper in the bottom of the tube was replaced by muslin and the tubes placed in the tank. The nucleic acid preparation was dissolvod in 100% buffered formamide containing 10%1o sucrose and layered on the top of the gel, under the formamide overlay. Both buffer compartments were filled with 20 mm NaCl and continuously circulated through the two compartments during the course of the run in order to prevent pH changes. The gels were run for 9 to 13 hr at 1.25 mamp/gel (50 v) at room temperature. After electrophoresis the gels were washed in several changes of water to remove the UV absorbing formamide and diethylbarbituric acid, and then they were scanned at 265 nm and the radioactivity in 0.5-mm slices was determined (16) . (Fig. 1 ). The initial increase in rRNA content in the control, independent of the presence of auxin, was also noted by Gore and Ingle (9) and was attributed by them to a wound response. Experiments studying the effect of 2,4-D on rRNA metabolism were therefore conducted on tissue after this initial, auxin-independent, response and while rRNA was still accumulating in the treated tissue. Yeoman and Mitchell (25) have shown that the addition of coconut milk to the medium maintained the continual accumulation of rRNA for up to 5 days. It is, therefore, the nutrient state which determines the final amount of rRNA accumulated. More appropriately then, differences in the rates of accumulation of rRNA between the two cultural states were assessed at a time when nutrients were not a limiting factor.
RESULTS

Accmution
The fractionations of total nucleic acid from control and auxintreated tissue, labeled for I hr with 32Pi, are shown in Figure 2 shows the major peaks of the mature rRNAs with mol wt of 1.3 x 106 and 0.7 x 106. The residual DNA peak remaining after salt precipitation is also evident. The radioactivity profile shows major peaks of the 2.5 x 106 mol wt precursor rRNA, the single unresolved mixture of the 1.39 x 106 precursor and the 1.3 x 106 mature rRNA, the 0.98 x 10 precursor rRNA and the 0.7 x 106 mature rRNA, which overlay a background of polydisperse RNA. The absence of radioactivity in the DNA peak in the control tissue is consistent with the lack of division under these cultural conditions.
There is a 10-fold increase in the specific radioactivity of the 0.7 x 106 mature rRNA of auxin-treated tissue compared to the control regardless of the length of the pulse (Table I ). Figure 2 , A and B, illustrates this difference after a 60-min labeling period. The specific radioactivity of the mixed 1.39 x 106 mol wt precursor rRNA plus the 1.3 x 106 mature rRNA peak is also increased by auxin but the ratio relative to the control varies throughout the labeling period (Table I) . After a 1-hr labeling the radioactive component migrates more slowly than the A peak suggesting a predominance of the 1.39 x 10 precursor. Denaturation of the nucleic acid sample by heat treatment at 60 C for 5 min releases the 7S (5 x 104 daltons) rRNA from the 1.3 x 106 mature rRNA but not from the 1.39 x 106 precursor rRNA (13 This enables an assessment to be made of the quantity of precursor 1.39 x 106 rRNA processed to the mature rRNA. Separation may also be achieved by denaturation of the rRNA in formamide gels as shown in Figure 2 , C and D. From the radioactivity profile only the 1.39 x 106 precursor rRNA has incorporated label in the control. In the auxin-treated tissue both the precursor and mature rRNAs are labeled. In each case, but not shown here, release of the 7S rRNA was monitored by polyacrylamide gel electrophoresis on 7.5% gels. Table I shows that the 40-fold greater specific radioactivity of the mature 1.3 x 106 mol wt rRNA (corrected for size from the 1.28 x 106 rRNA peak) of auxin-treated tissue compared to control after a 1-hr pulse falls to a 10-fold increase after 3 hr. It has, at this point, reached the same differential exhibited by the 0.7 x 106 mol wt rRNA throughout the course of the 3-hr labeling period. This is strong evidence for a slower processing of the 1.39 x 106 mol wt rRNA in the control. From Figure 2 , A and B, the total incorporation of label into the various rRNAs after 1 hr may be expressed as cpm/cell. Auxin treatment increased incorporation into the 2.5 x 106 mol wt precursor rRNA 4-fold over the control. The mature rRNAs were increased 11.7-fold. This suggests a 2.9-fold increase in the processing of rRNA in the auxin-treated tissue. These results indicate an enhancement of incorporation of 32Pi into rRNA in response to auxin, and also of posttranscriptional regulation of maturation and subsequent accumulation of mature rRNA.
Kinetics of Labeling of rRNA Precursors. Since the metabolic pool of Pi which contributes to P-ester synthesis in a cell is normally very much smaller than the nonmetabolic pool (2), equilibration of 32Pi will be rapid. Therefore, the incorporation of 32Pi was used as a measure of precursor rRNA synthesis in control and auxin-treated artichoke explants. Chapman and Ingle (4) concluded that since the accumulation of radioactivity into DNA appeared linear after 60 min, the specific radioactivity of the nucleotide precursor pool must be approximately constant at this time. Figure 3A, showing the specific radioactivity of DNA throughout the labeling period, verifies their finding. Correction for the lower specific radioactivities of the nucleotide pools at the shorter labeling periods was made from this curve by comparing the slope of the tangent to the curve at various times with the slope between 120 and 180 min. Since DNA remains unlabeled in the nondividing control tissue, it had to be assumed that the rate of equilibration of the precursor pool was the same as in the auxin-treated tissue. As uptake levels are similar for 32Pi in each cultural state as are the specific radioactivities of nuclear ATP this assumption appears valid.
The approach to steady-state labeling of the various RNA species was studied by gel fractionation of RNA prepared from control and auxin-treated explants cultured in 32Pi for increasing periods of time. Fractionations of native RNA were used to determine the relative incorporation into the 2.5, 1.39 + 1.3, and 0.7 x 106 mol wt rRNAs, and the relative proportions of the 1.39 x 106 and 1.3 x 106 rRNA were determined from denaturing gels. These results are presented in Figure 3 , B and C, after correcting for the specific radioactivity of the nucleotide pool on the basis of incorporation into DNA. (1) where St is the amount of RNA of that class per cell accumulated at time t. S is the steady-state amount of that class of RNA/cell; t1/2 is the half-life of that class of RNA; and tD is the cell doubling time (15 hr for H. tuberosus in this cultural system). This equation describes a molar accumulation curve in which it is assumed that RNA decays with first order kinetics and is synthesized with zero order kinetics.
The data in Figure 3 , B and C, were plotted as In (S -St) against time, and the half-lives estimated from the slopes of the lines. The half-life of the 2.5 x 106 precursor rRNA in the auxintreated tissue was 10 min and that of the control was 18 min, a difference of 1.8-fold. The half-life of the 1.39 x 10' precursor rRNA in auxin-treated tissue was 19 min, but it was not possible to estimate this value in the control since the steady-state value had not been reached within the experimental period. Using the differentiated form of equation 1:
the synthesis of the precursor rRNAs was related to that of the mature rRNAs. Approximately 100%o of the 2.5 x 106 precursor was conserved in the 0.7 x 106 mature rRNA of the auxin-treated explants, while only 50o was conserved in the control. With the auxin-treated tissue 85% of the label in the 1.39 x 106 precursor was conserved in the 1.3 x 106 mature rRNA.
Ribosome Stability. Several attempts were made to investigate ribosome stability in the two cultural states by pulse-labeling the tissue with 32Pi and following this with a long chase in cold phosphate. In all cases the chase was incomplete, with only a gradual dilution of label and continued incorporation into stable rRNA. The results presented above, however, indicate increased ribosome turnover in the nondividing state. From Figure 3 , B and C, accumulation of label into the 0.7 x 106 rRNA of auxin-treated tissue is 12-fold that of the control and the rate of accumulation is 0.045 Ag/hr-explant (Fig. 1) DISCUSSION The process of rRNA maturation (6, 11, 18, 22) (Fig. 1) as opposed to the calculated rate of 0.002 ,ug/hr. explant is evidence for increased ribosome turnover in the control. For the second case, the rate of incorporation of label into the 0.7 x 106 rRNA (Fig. 3, B and C) compared to that calculated from the half-lives of the 2.5 x 106 precursor rRNA gives an estimate of the degree of nonconservative processing of rRNA.
Close to 100%o of the 0.7 x 106 rRNA is conserved in the auxintreated cultures whereas only 50% is conserved in the control. Conservative processing (85%) is again indicated for the 1.39 to 1.3 x 106 conversion in the auxin-treated tissue, but the comparable value for the control tissue could not be calculated in these experiments due to the relative stability of the 1.39 x 106 precursor rRNA. Inasmuch as the bulk of the precursor rRNA is conserved during processing in the dividing tissue, the process is less conservative in the control tissue. The decrease in ribosome stability in the control tissue complicates the problem and indeed the first two possibilities of posttranscriptional control are inseparable under these experimental conditions. The third possibility, that of a slowing in processing of the precursor rRNA in the control, also appears to be a major factor. The 2.5 x 106 precursor rRNA in auxin-treated tissue is only processed at 1.8 times the rate of the control, but it is evident that the difference in the rate of processing of the 1.39 x 106 precursor to the 1.3 x 106 mature rRNA is very much increased. The half-life of the 1.39 x 106 precursor rRNA in the control was far too large to be measured under these experimental conditions.
In addition to a reduced rate of processing of the precursor rRNAs, posttranscriptional control also involves the degradation of a certain proportion of newly synthesized rRNA in a manner unrelated to ribosome turnover itself.
The lack of accumulation of rRNA in the control artichoke tissue cannot itself be accounted for by an increased ribosome turnover due to nongrowth conditions as demonstrated in Lemna (24) and fibroblasts (1) . This posttranscriptional regulation of rRNA accumulation in the artichoke system is more like that demonstrated in resting lymphocytes (5), in unfertilized Urechis eggs (7) , and in differentiating yolk sac erythroid cells (8) . Leaver and Lovett (19) concluded that the limitation in processing of the precursor rRNA in Blastocladiella zoospores may be due to a deficit of proteins in the nucleoli. A possible next step is to discover whether the accumulation of rRNAs for ribosomal protein is coordinated with accumulation of rRNA.
The evidence indicates that the switching on of rRNA accumulation in artichoke tissue in response to auxin is in part due to an increase in transcription of the precursor rRNA and in part due to posttranscriptional control involving an increase in the rates and degree of conservative processing of the precursor to the mature rRNA.
